I. Introduction
The gas-cooled fast reactor (GFR) is one of six advanced nuclear energy systems being studied under the auspices of the Gen IV International Forum (GIF). In a bilateral International Nuclear Energy Research Initiative (I-NERI) project French and U.S. national laboratories, industry, and universities are collaborating on the development of the GFR. This effort is led by the ANL in the U.S. and the CEA in France.
Some of the attractions of the GFR include:
• Hard spectrum and core breeding ratio, BR≈1. These features allow minimal waste production, improved transmutation capability, optimal and flexible use of natural resources, potentially better economy (because of use of higher power density relative to current thermal gas-cooled systems), and improved non-proliferation (no fertile blanket);
• Temperature resistant fuel and structure elements that are favorable to tight fission product confinement and system operation at high temperature;
• High temperature and transparent helium (He) gas coolant that allows a high thermodynamic conversion efficiency, other energy applications (e.g., hydrogen production), and ease of in-service inspection and repair;
• Possible direct energy conversion cycle leading to a simpler design, increased conversion efficiency, and lower investment costs.
The French strategy for advanced systems includes the development of the GFR and sodium-cooled fast reactor (SFR) to levels that allow industries to be able to make an informed choice of the fast spectrum system that would provide a sustainable nuclear energy generation option for the future.
Current planning calls for the construction of a small experimental research and technology development reactor (ETDR) around 2009 (first operation in 2015) at CEA-Cadarache, France. This would be followed by the construction of a GFR industrial prototype, around 2025. In support of the GFR development efforts, a new physics experimental program (called ENIGMA, Experimental
Neutron Investigation of Gas-cooled reactor at MAsurca) is being planned for Cadarache. This new experiment would provide better understanding of GFR neutronic features and will be the basis for the extension of current neutronics code validation domain (particularly, the ERANOS code system in France) to the analysis of GFRs.
Experimental planning and decisions are ongoing for ENIGMA. One of the items that have been evaluated is the feasibility of obtaining different flux spectra in the ENIGMA reference configuration, giving the flexibility of simulating a large series of proposed gas-cooled fast systems with harder or softer spectra. In order to achieve this goal it was proposed to use a spectral transition zone in the center region of the ENIGMA core configuration. Another goal of the study is to evaluate the impact of the graphite cross-sections on the performance characteristics of the MASURCA configurations.
The work was supported by ANL, through the residence of one of the authors at CEA-Cadarache in 2005. In this report, the impacts of the transition zone on the core physics parameters of the reference ENIGMA configuration are summarized.
II. Core Configurations for Study
The reference configuration for the ENIGMA first core has been developed [1] . The core is uniformly loaded with 85 fuel subassemblies (PIT assemblies) each containing 24 UPuO 2 , 8 UO 2 , 16 graphite (C) and 16 void rodlets (see Figure 1 ). Graphite is used in the subassembly to imitate carbide fuel and to represent matrix and structural elements; there is no plan to manufacture new fuel forms in early phases of the ENIGMA project, so existing materials are used in representative
proportions. The fueled zone is surrounded radially and axially by a reflector zone and an outer shield zone (stainless steel).
For the purpose of this study, it is assumed that the transition zone would be in the core interior and comprises the central six subassemblies (4 full and 4 half subassemblies) shown in Figure 2 . To obtain spectral transition zones, two different modifications to these assemblies have been considered. In these cases, the central zone would contain either of the following:
• Subassemblies in which the 16 void rodlets are replaced by 16 graphite rodlets (i.e., PIT assemblies with 32 graphite rodlets). This provides a softer spectrum because of the increased graphite content. This is called the graphite transition zone configuration.
• Alternatively, subassemblies in which the 16 graphite rodlets are replaced by 16 void rodlets (i.e., PIT assemblies with 32 void rodlets), to provide a harder spectrum. 
III. Calculation Models and Tools
In the present study, the introduction of the transition zone is investigated through its effects on the neutron flux distributions, reactivity and spectral indices variations. These parameters were calculated using the European ERANOS code system [2] . Neutron cross-sections for the calculations have been processed into a 33 multigroup energy structure using the ECCO code [3] with the ERALIB1 data library [4] . Neutron fluxes were calculated using the BISTRO code [5] in RZ geometry and the S 4 P 1 approximation. This code option was selected because it has a robust and well-tested perturbation capability for investigating the reasons for differences between two core The RZ model of the reference ENIGMA core that has been developed is shown in Fig. 3 . For the analysis of such fast reactor models, region homogenized nuclide densities are employed for the generation of the multigroup neutron cross-sections. This approach is called the homogeneous model. The homogenized compositions (nuclide densities) are provided in Table 1 for the base assembly (PIT), the modified assemblies (PIT with 32 void or graphite rodlets), and the axial and radial reflectors and shields. Because of the utilization of graphite in the core to represent carbide fuel and matrix and structural materials, and the use of voided rodlets to account for neutron streaming from potential GFR designs, it is quite possible that the simple homogenization of the fuel zone might introduce additional errors. As a result, an additional approach for generating the multigroup cross-sections has been investigated in this work. In this approach the heterogeneous model of the subassembly is used in the ECCO code for the generation of homogenized subassembly cross-sections. This is called the heterogeneous model.
Finally, for sensitivity study of the solution approach, calculations using the TGV/VARIANT (variational nodal transport) code [6] in XYZ geometry have been performed. In these calculations, the anisotropic scattering order 1 and the full P 3 angular flux approximations are utilized.
IV. Impact of Transition Zone on Neutron Flux Distributions
As aforementioned, one primary reason for introducing a transition zone is to create configurations characterized by different neutron spectra. The impact of the transition zone on the direct and adjoint flux distributions have been calculated using the BISTRO code. Figures For this study, the fluxes have been normalized by setting to unity, the sum over the energy groups.
The spectrum hardness parameter (r = νΣ f /ξΣ s ), given in Table 2 for each configuration, can also be used to characterize the neutron spectrum. When comparing two configurations, a higher value of r denotes a harder spectrum. As expected, it is observed that the use of a graphite transition zone has the effect of producing a softer spectrum compared to the reference case. The void transition zone on the other hand produces a harder spectrum. These spectra shifts are also captured by the hardness parameter, r. With the void transition zone, the value of the parameter is ~60% higher than for the reference configuration. That for the graphite transition zone is about 20% less. However, note that the values shown in Table 2 have been obtained from the cell calculation for the transition zone in fundamental mode; since this zone in the real configuration is associated to a finite volume, those values are indicative of the parameter r that most likely would be attained asymptotically at the center of the zone.
These results indicate that it is possible to effect large spectral variations by the use of the central transition zones. Such latitude permits the tailoring of the ENIGMA configuration to represent the spectra of potential GFR designs, even those for which the exact core materials might not be available for ENIGMA tests.
V. Impact on Core Reactivity
The "reactivity" for each core configuration has been calculated using the expression (1-1/k eff )x10 5 (pcm), where k eff is the core multiplication factor. The reactivity results for all the cases are presented in Tables 3 and 4 (results from BISTRO and TGV/VARIANT calculations, respectively).
It is noted that the convergence criteria for the k eff is 1.E-5 in the BISTRO calculations and 5.E-6 in the VARIANT calculations. Besides the core reactivity, the difference between the values for configurations with a transition zone and that of the reference configuration is also provided (in brackets). Additionally, the tables contain the impact of the heterogeneity effect on the core reactivity calculation (difference between the heterogeneous and homogeneous values). This effect is included because they were unexpectedly found more important than in sodium-cooled MASURCA cells (for instance, the MUSE-4 configurations). 
Heterogeneity Effect
The impact of the heterogeneity effect is not negligible for these core configurations contrary to previous observations for most MASURCA test configurations; this effect has however been previously found to be significant for some core configurations, particularly for plate geometries.
For the ENIGMA configurations, the heterogeneity effect could be as large as ~500 pcm. The larger heterogeneity effect, compared to standard sodium-cooled type configuration, is to be attributed to the presence of the void rodlets in the reference cell: smearing the void leads to a larger heterogeneity effect. It is noted that this effect is evident in all configurations. In fact, the results
show that the effect is highest for the configuration with the graphite transition zone, and lowest for the configuration with the void transition zone. This trend indicates the effect is more pronounced as the neutron spectrum becomes softer, as would be expected intuitively, because of the selfshielding in the resonance region and because of the mean neutron lifetime increase. Tables 3 and 4 show that the BISTRO and TGV/VARIANT codes predict very similar core reactivity for each of the three configurations (reference, void and graphite transitions zone). The maximum difference is about 200 pcm, with the BISTRO calculation giving the higher value. This difference is likely due to the use of the approximate RZ geometry in the BISTRO calculation and the difference of using S 4 discrete ordinates in one approach (BISTRO) and P 3 angular flux approximation in the other. It is observed that the BISTRO and TGV/VARIANT codes provide consistent results for the reactivity variation due to the introduction of the transition zones as well as for the heterogeneity effects.
Reactivity Values
Of particular interest in the reactivity results is the fact that the introduction of either the void or graphite transition zones gives a higher k eff (reactivity) than the reference case. While these differences are small, an attempt has been made to provide explanations for them using perturbation theory (see next subsection). The resolution of this difference is also one major reason why the TGV/VARIANT solution approach was used in this study.
Perturbation Theory Analysis of Differences
An evaluation of the reactivity differences between the reference configuration and the configurations with the void and graphite transitions zones has been performed, using perturbation theory. The results for these cases are summarized in Tables 5 to 7 . These results were obtained using the exact perturbation theory option with BISTRO; the exact perturbation theory option is used because it was observed that effects of interest are non-linear (otherwise, the total effect shown in the last row of Tables 5 and 6 would be -42.5 and +51.7 pcm, respectively, for a first-order perturbation calculation). Tables 5 and 6 show the exact perturbation components (by isotopes) of the reactivity differences between the reference configuration and the configurations with the void and graphite transition zones, respectively. The breakdowns by neutron energy group for these differences are provided in Table 7 .
It is observed that the reactivity variations between the reference and the transition-zone cases arise mainly from a compensation of effects between the transport (leakage) and the elastic components of graphite (C). However, the signs of these components are different for the two comparisons (i.e., "void transition zone -reference" and "graphite transition zone -reference"). Specifically, for the comparison of the void transition zone and reference configurations, the harder spectrum of the void transition zone increases the neutron leakage, while the graphite slows the neutrons down to lower energy by elastic scattering, giving an overall positive change in the k eff , which dominates the negative effect coming from the leakage. These components are reversed when comparing the configuration with the graphite transition zone to the reference one. However, in both cases, the component with the positive sign dominates.
Other minor contributions are due to the U-238 capture and Pu-239 fission reactions. Those contributions are mainly in the energy range of the unresolved resonances (see Table 7 ).
The main reasons for the differences between the "heterogeneous" to "homogeneous" results have also been evaluated using perturbation theory. Results are summarized in Tables 8, 9 , and 10, for the reference, void transition zone, and graphite transition zone configurations, respectively. The breakdown of the differences by energy group is presented in Table 11 for the reference case.
For all the cases, the difference can be attributed to the misprediction of the resonance self-shielding cross-sections of U-238 capture and Pu-239 capture and fission. The transport (leakage) and elastic contributions of graphite (C) are secondary, but also significant. Additionally, some non-negligible contributions are due to the oxygen (O) leakage components. It is noted that the higher values of the heterogeneity effects observed for the gas-cooled compared to the Na-cooled MASURCA cells are due to the increased leakage component in the streaming channels, which is practically minimized when using a homogenized cell. The breakdown by energy group shows that the significant leakage components, as expected, are mainly located in the energy range where the flux spectrum is more important, while the capture and fission components of the fissile isotopes are located in the unresolved resonance energy range, because of the self-shielding effects. The elastic reaction of graphite gives contributions in both energy ranges. Tables 12 and 13 by isotope and Tables 14 and   15 have been calculated at the core center. The calculations were done using the BISTRO code in RZ geometry and with the S 4 P 1 approximation.
The fuel cross-sections were processed with the heterogeneous cell calculation.
Results for the reference and void and graphite transition zone configurations are presented in Table 16 . Besides the spectral indices, the relative values of the indices to that of the reference configuration are also provided in the table (in brackets). The results indicate that large variations in the spectral indices can be achieved by the use of the void and graphite transitional zones. The change is over 60% between the void and graphite transition zone cases for <σ f,U8 Φ> / <σ f,U5 Φ> and over 16% for <σ f,Pu9 Φ> / <σ f,U5 Φ>.
As in the case of the reactivity variation study, the perturbation components of spectral index variations have been calculated and are provided in Tables 17 to 21 . In these calculations only the effects due to flux variations (so-called indirect effects) have been taken into account. Those due to detector cross-section variations (direct effects) have not been considered.
It is observed that the presence or substitution of graphite (C), through its elastic reaction, is responsible for most of the spectral index variation. It however gives contributions with opposite signs for the two transition zone cases; this is true for the two types of spectral indices considered.
The breakdown by energy group shows that those contributions are mainly from the energy range where the neutron spectrum is of most importance. In general this study stresses the role that graphite cross-sections, as previously observed in the reactivity section, play for a gas-cooled fast system, and how important it will be to have a rather good accuracy on their values. 
VII. Conclusions
In this study on GFR physics experiments, the impacts of introducing a transition zone in the central region of the ENIGMA reference configuration on the flux spectrum, core reactivity, and spectral indices have been evaluated. The transition zone would be used in the CEA-Cadarache MASURCA core for the purpose of effecting spectral changes. This would be quite useful if such zones could be utilized for studying physics effects that could not be otherwise obtained in the initial phases of the ENIGMA test due to the potential lack of exact GFR design materials. To obtain the particular zones considered in this work, the central reference subassemblies for the initial phases of the ENIGMA experiment have been modified by replacing all the void rodlets in the subassembly with graphite rodlets (graphite transition zone) or by replacing all the graphite rodlets in the assembly with void rodlets (void transition zone). Both rodlets are used in the reference core subassemblies to simulate carbide fuel, matrix and structural elements and neutron streaming of GFR subassembly designs.
The calculations for the study were performed using the BISTRO and TGV/VARIANT codes, in order to compare trends in solution approaches (RZ versus XYZ models). The impact of the heterogeneous versus homogeneous cross-section generation models was also evaluated. The BISTRO solutions were additionally used in perturbation and sensitivity studies that were performed to understand differences between core configurations and between the cross-section generation approximations.
The results show that significant variations in the neutron flux could be effected by the use of transition zones. The use of a graphite transition zone results in a significantly softer spectrum, while the use of the void transition zone produces a significantly harder spectrum compared to the reference case.
A detailed evaluation of the reactivity variation due to replacement of the central assembly was performed using perturbation theory to investigate components (contributions) of the differences in reactivities for the core configurations. It was observed that the modification to the central zone of the reference configuration results in a slightly higher multiplication factor whether the graphite or void transition zone is used. This was found to be due to variations in the graphite elastic and transport (leakage) components. These components were observed to have different signs for the graphite and void transition zone cases; the leakage component is negative and the elastic component is positive for the void transition zone configuration relative to the reference configuration. However, in both cases, the component with the positive sign dominates. The small magnitude of the reactivity differences between the void and graphite transition configurations and the reference configuration (<100 pcm) suggests that modifications can be made to the central subassemblies without the need for significant modifications to the control rod designs.
The processing of the cross-section using a homogeneous assembly model in the ECCO code results in significant difference (~400-500 pcm) relative to the case using a heterogeneous assembly treatment. This effect was found higher than that observed in previous calculations for sodiumcooled MASURCA cells (e.g., in the MUSE experiments). Most of the difference between the two models was attributed to the misprediction of the resonance self-shielding of the heavy nuclides;
mainly U-238 capture and Pu-239 capture and fission. Some secondary effects come from the elastic reaction in graphite.
The indicated that these differences are predominantly due to changes in the graphite elastic reaction.
Overall, the results show that the modification of the reference core to a configuration with void or graphite transition zone could be useful as a means of effecting changes in the neutron spectra, with limited impacts on the core reactivity. Moreover, particular emphasis should be put in having good quality graphite cross-sections in view of their dominant role in all the results obtained in this study.
